Non-centrosomal microtubule organizing centers (MTOCs) are important for 29 microtubule organization in many cell types. In fission yeast Schizosaccharomyces pombe, 30 the protein Mto1, together with partner protein Mto2 (Mto1/2 complex), recruits the g-tubulin 31 complex to multiple non-centrosomal MTOCs, including the nuclear envelope (NE). Here, we 32 develop a comparative-interactome mass spectrometry approach to determine how Mto1 33 localizes to the NE. Surprisingly, we find that Mto1, a constitutively cytoplasmic protein, 34 docks at nuclear pore complexes (NPCs), via interaction with exportin Crm1 and cytoplasmic 35 FG-nucleoporin Nup146. Although Mto1 is not a nuclear export cargo, it binds Crm1 via a 36 nuclear export signal-like sequence, and docking requires both Ran in the GTP-bound state 37 and Nup146 FG repeats. In addition to determining the mechanism of MTOC formation at 38 the NE, our results reveal a novel role for Crm1 and the nuclear export machinery in the 39 stable docking of a cytoplasmic protein complex at NPCs. 40 108 Samejima et al., 2005). Mto1/2 association with pre-existing MTs depends on a broadly 109 defined region near the Mto1 C-terminus, while localization to the CAR and the SPB is
INTRODUCTION

41
Non-centrosomal microtubule organizing centers (MTOCs) are critical to the 42 morphology and function of many types of cells (Petry & Vale, 2015 , Sanchez & Feldman, 43 2017 , Wu & Akhmanova, 2017 , especially cells in which interphase microtubules (MTs) are To identify proteins involved in recruiting Mto1 to the NE, we wanted to compare 151 interactomes of Mto1 [NE] vs. Mto1 [bonsai] . Initially we attempted to use SILAC mass 152 spectrometry (MS) (Bicho et al., 2010 , Ong et al., 2002 To further investigate similarities between the mechanism of Mto1 localization to 293 NPCs and nuclear export, we tested whether Mto1 localization depends on the nucleotide 294 state of Ran. Net directional transport of conventional cargos through the NPC depends on a 295 RanGTP gradient across the NE, generated by Ran GTPase activating protein (RanGAP) in 296 the cytoplasm and Ran guanine-nucleotide exchange factor (RanGEF) in the nucleus 297 cargos in the cytoplasm, where RanGTP concentration is low, and release them in the 299 nucleus, where RanGTP concentration is high. By contrast, exportins bind cooperatively to 300 export cargos and RanGTP within the nucleus to form trimeric export complexes, which then 301 dissociate after export, accompanied by RanGTP hydrolysis aided by RanGAP (Fornerod et 302 al., 1997a , Fung & Chook, 2014 , Guttler & Gorlich, 2011 , Koyama & Matsuura, 2012 303 Monecke et al., 2014) . The role of Ran can be addressed by expressing mutant versions of 304 Ran (encoded by the spi1+ gene in fission yeast; (Matsumoto & Beach, 1991) ) that mimic 305 either GTP or GDP states (Bischoff et al., 1994 , Klebe et al., 1995 . Constitutively-active 306 Ran (RanQ69L in humans) is defective in GTP hydrolysis and thus "locked" in the RanGTP 307 state, while inactive/dominant-negative Ran (RanT24N in humans) has low affinity for 308 nucleotide and competes with endogenous RanGDP for binding to RanGEF.
309
We expressed wild-type spi1+, spi1 [Q68L] (equivalent to human RanQ69L), and 310 spi1[T23N] (equivalent to human RanT24N) as integrated transgenes from a thiamine-311 repressible promoter. All cells were viable under repressing conditions, but growth was 312 impaired by expression of spi1 [Q68L] or spi1[T23N] (Fig. 5 Suppl. 1A) , consistent with 313 phenotypes of the equivalent mutants in vertebrate cells (Clarke et al., 1995 , Dasso et al., 314 1994 , Kornbluth et al., 1994 , Ren et al., 1994 . To avoid any indirect effects on Mto1[9A1-315 NE]-GFP localization as a result of growth impairment, we assayed localization as early as 316 possible during expression ( Fig. 5, Fig. 5 Suppl. 1B). Expression of spi1+ had no effect on 
326
We next asked whether Nup146 contributes to Mto1 NPC localization. Like 327 approximately one-third of all nucleoporins, Nup146 and its homologs Sc Nup159 and Hs 328 Nup214 contain multiple phenylalanine-glycine (FG) repeats, which bind directly to importins 329 and/or exportins (Fig. 6 Suppl. 1A; (Aitchison & Rout, 2012 , Wente & Rout, 2010 ). Because 330 of their location on the cytoplasmic face of the NPC, these nucleoporins are classified as 331 "cytoplasmic FG-Nups", distinguishing them from the "symmetric FG-Nups" present within 332 the central permeability barrier of the NPC. While FG repeats of symmetric FG-Nups directly 333 facilitate cargo transport through the NPC, FG repeats of cytoplasmic FG-Nups are thought 334 Weis, 2004) , although their other (non-FG) regions recruit proteins for processes linked to 336 transport (e.g. mRNP processing after export (Napetschnig et al., 2007 , Schmitt et al., 1999 337 Weirich et al., 2004) ; Fig. 6 Suppl. 1A). Nevertheless, the FG repeats of Sc Nup159 and Hs 338 Nup214 have been shown to bind to Crm1 with high specificity relative to other 339 importins/exportins. (Allen et al., 2002 , Fornerod et al., 1997b , Hutten & Kehlenbach, 2006 340 Port et al., 2015 , Roloff et al., 2013 , Zeitler & Weis, 2004 . We therefore focused attention on 341 the Nup146 FG repeats.
342
We deleted the 50-amino-acid region comprising FG repeats 5-12 (out of a total of 16 343 FG repeats) from the endogenous nup146 coding sequence (Fig. 6A ). Although complete 344 deletion of nup146 is lethal (Chen et al., 2004) , the nup146[ 
348
We also analyzed MTOC activity at the NE in wild-type (nup146+) cells vs. nup146 349 cells. We used immunofluorescence to assay MT regrowth after cold-shock, in 350 cells expressing full-length Mto1 (Fig. 6C) -12] cells, MTs were nucleated randomly in the cytoplasm (Fig. 6C ).
355
In addition, we used live-cell imaging of GFP-tubulin to assay steady-state MT 356 nucleation in cells expressing Mto1[NE]-GFP ( Fig. 6D , E; in these cells, Mto1[NE]-GFP is 357 too faint to be seen relative to GFP-tubulin). In nup146 
366
Nup146 FG repeats stabilize the Mto1-Crm1 interaction 367
Our results thus far indicate that a RanGTP-dependent Mto1-Crm1 "cargo-like" 368 complex docks at the cytoplasmic face of the NPC via a mechanism involving Nup146 FG 369 repeats (see Fig. 7 ). Interestingly, a subset of FG repeats in Hs Nup214 have been shown to 370 bind to Crm1 in a manner that stabilizes the Crm1-RanGTP-cargo interaction in vitro 371 1999 , Port et al., 2015 , Roloff et al., 2013 . We therefore asked whether Nup146 FG repeats 373 5-12 are important for Mto1 interaction with Nup146, and whether these repeats contribute 374 to Crm1 association with Mto1 in vivo. We used LFQ MS to compare GFP-Mto1[9A1-NE]-
375
HTB interactomes from wild-type (nup146+) vs. nup146 cells. Among more than 376 500 quantified proteins, only 5-6 proteins were significantly enriched in the GFP-Mto1[9A1-377 NE]-HTB interactome from nup146+ cells compared to nup146 cells. Nup146 itself 378 showed the greatest enrichment (~11X), while Crm1 was also enriched, although to a lesser 379 extent (~3X) ( Fig. 6F 
385
While different mechanisms are involved in generating non-centrosomal MTOCs at 386 different subcellular sites, at many sites the mechanisms themselves remain poorly 387 understood (Petry & Vale, 2015 , Sanchez & Feldman, 2017 , Wu & Akhmanova, 2017 . Here
388
we have shown how MTOCs are generated at the NE in fission yeast S. pombe via the 389 Mto1/2 complex. We find that Mto1 docks at the cytoplasmic face of NPCs, through a novel 390 mechanism in which the nuclear export machinery is repurposed for a non-export-related 391 function. Docking depends on an export cargo-like interaction between a NES-like sequence 392 (NES-M) at the Mto1 N-terminus and the NES-binding cleft of exportin Crm1, the major 393 transport receptor for protein nuclear export (Fung & Chook, 2014 , Hutten & Kehlenbach, 394 2007 , Kutay & Guttinger, 2005 
405
The mechanism described here for Mto1 localization to NPCs was entirely 406 unexpected. While it incorporates many of the elements of conventional Crm1-dependent 407 nuclear export ( Fig. 7) , there are two fundamental distinctions. First, when not interacting 408 nuclear protein. Second, interaction of Mto1 with the export machinery leads to docking at 410 NPCs, rather than a return/release into the cytoplasm. Previously, nuclear transport 411 receptors such as importins and Crm1 have been shown to function away from NPCs in 412 non-transport-related roles, including regulation of mitotic spindle assembly factors 413 (reviewed in (Cavazza & Vernos, 2015 , Forbes et al., 2015 , Kalab & Heald, 2008 ), targeting 414 of the Ran pathway to kinetochores (Arnaoutov et al., 2005) , and tethering the Chromosome
415
Passenger Complex to centromeric chromatin (Knauer et al., 2006) . However, to our 416 knowledge, this is the first example of a nuclear export-like complex being used to dock a 417 cytoplasmic "cargo" at the NPC, with no obvious functional link to export. This in turn raises 418 questions as to how such a complex could be formed, and how it becomes docked.
420
Docking at the NPC
421
How does Mto1, a nuclear export cargo "mimic", become docked at the NPC, while 422 conventional export cargos are released into the cytoplasm? Ultimately, a detailed 423 understanding of this issue will require in vitro biochemistry with purified proteins. However, 424 based on previous work in mammalian cells (Engelsma et al., 2004 , Port et al., 2015 , we 425 speculate that docking may depend on: 1) the Mto1 NES-M acting as a high-affinity NES;
426
and 2) the stability of interaction between Mto1-Crm1 and Nup146 FG repeats.
427
The Mto1 NES-M is necessary and sufficient for docking at the NPC (Fig. 4 ).
428
Interestingly, in human cells, cargo containing a non-natural, high-affinity NES (a 429 "supraphysiological NES") was shown to accumulate at the cytoplasmic face of the NPC and 430 also to enhance Crm1 accumulation at the same site (Engelsma et al., 2004 , Engelsma et 431 al., 2008 . We hypothesize that the Mto1 NES-M may be a natural high-affinity NES. In 432 recent years, the NES "consensus" has evolved in concert with new experimental findings 433 (Dong et al., 2009 , Fung et al., 2015 , Fung et al., 2017 , Guttler et al., 2010 residue, which may also be present in the Mto1 NES-M ( Fig. 4B ). We also note that 437 Mto1[9A1-NE]-GFP localizes to NPCs in crm1-C529A mutants ( Fig. 3B ) but fails to localize 438 to NPCs in crm1-C529S, crm1-C529T, and crm1-C529V mutants, even though these 439 mutants are viable and thus competent for nuclear export ( 
442
Assuming that the Mto1 NES-M interacts with Crm1 as a high-affinity NES, clues as 443 to how this could lead to accumulation at the NPC can be found in structural studies of Crm1 444 alone and Crm1 in complex with RanGTP, cargo, and an FG-repeat fragment of Hs Nup214 al., 2013 , Port et al., 2015 , Saito & Matsuura, 2013 ). Crm1 can exist in two conformations: 447 an unliganded extended, superhelical conformation, which is inhibitory to cargo and 448 RanGTP binding, and a compact, ring-like conformation, which is stabilized by cooperative 449 binding to cargo and RanGTP. Importantly, the FG-repeat fragment of Hs Nup214, which 450 binds Crm1 cooperatively with RanGTP and cargo, interacts with the compact conformation 451 of Crm1 at multiple sites, spanning the junction between the Crm1 N-and C-termini in a 452 manner similar to an adhesive bandage (Port et al., 2015) ( Fig. 7 Suppl. 1A). The Hs 453 Nup214 FG repeats have therefore been described as a "molecular clamp" that can stabilize 454 Crm1-RanGTP-cargo complex in the compact conformation (Port et al., 2015) . However, 455 from an energetic perspective, cooperative binding also implies that anything that stabilizes 456 the Crm1 compact conformation (including a high-affinity NES) will correspondingly reinforce 457 association of Crm1 with Hs Nup214 FG repeats. As a result, a sufficiently high-affinity NES 458 cargo would be expected to stabilize interaction of Crm1 with Nup146, leading to docking of 459 Crm1 (and the NES cargo itself) at the cytoplasmic face of the NPC ( Fig. 7 Suppl. 1A).
460
In addition to a "high-affinity NES" mechanism, other factors may also contribute to 461 docking of the Mto1/2 complex at the NPC. For example, if Mto1(or its partner Mto2) were to 462 bind Nup146 independently of binding to Crm1, such multivalent binding would decrease the 463 off-rate from the NPC; currently our MS data cannot distinguish between direct and indirect 464 Mto1 interactors. Interactions between Mto1/2 and the NPC could also be stabilized by 465 avidity effects. Mto1/2 is multimeric in vivo, containing multiple (>10) copies of both Mto1 466 and Mto2 (Lynch et al., 2014) , while nucleoporins are also present in multiple copies within 467 the NPC, because of its eight-fold symmetry (Aitchison & Rout, 2012 , Gorlich & Kutay, 1999 
468
Wente & Rout, 2010). As a result, multiple Mto1 molecules in a single Mto1/2 complex could 469 bind to multiple nucleoporins (and/or Crm1) in a single NPC. Interestingly, localization of 470 Mto1/2 to the SPB and the CAR also depends on avidity effects (Samejima et al., 2010) .
472
Formation of an Crm1-dependent docking complex with a cytoplasmic "cargo"
473
Given that conventional Crm1-dependent export complexes form in the nucleus,
474
where RanGTP concentration is high (Aitchison & Rout, 2012 , Gorlich & Kutay, 1999 RanGAP is freely soluble in the cytoplasm rather than associated with the NPC (Aitchison & 484 Rout, 2012 , Hopper et al., 1990 . Accordingly, immediately after RanGTP dissociates from 485 export complexes (but prior to GTP hydrolysis), it might be available to cytoplasmic Mto1/2.
487
A novel function for cytoplasmic FG-Nups?
488
In this work, we identified a very specific phenotype associated with deletion of 489 Nup146 FG repeats 5-12: Mto1 is lost from NPCs, with a concomitant loss in MT nucleation 490 from the NE. Moreover, this is correlated with a strong decrease in interaction of Mto1 with
491
Nup146 and, to a lesser extent, with Crm1, consistent with our model of a cargo-like 492 complex of Mto1/2, Crm1 and RanGTP docking at the cytoplasmic face of the NPC. In this 493 context, it is interesting that extensive analysis in budding yeast has shown that the FG 494 regions of cytoplasmic FG-Nups (as well as nucleoplasmic FG-Nups) can be deleted without 495 almost any discernible effects on nuclear transport (Adams et al., 2014 , Strawn et al., 2004 , 496 Zeitler & Weis, 2004 . In human cells, the role of Hs Nup214 in protein export appears to be 497 somewhat controversial (Bernad et al., 2006 , Hutten & Kehlenbach, 2006 ; however, similar 498 to budding yeast, in at least one instance where Hs Nup214 was found to be important for 499 export-namely, export of the 60S pre-ribosome-the FG repeats of Hs Nup214 were found 500 not to be required (Bernad et al., 2006) ). Based on these results, and on the conservation of 501 FG repeats in Nup146, Sc Nup159 and Hs Nup214, we propose that an important but 502 previously unrecognized role for cytoplasmic FG-Nups may be to dock cytoplasmic proteins 503 at the NPC for non-export-related functions, as described here for generation of non-504 centrosomal MTOCs by the Mto1/2 complex. It will be interesting to see how widespread this 505 type of repurposing of the nuclear export machinery is in eukaryotic cells more generally. 
532
Genetic crosses used either tetrad dissection or random spore analysis (Ekwall & 533 Thon, 2017) . Except for the cases described below, genome manipulations such as gene 
570
Next, the spi1 inserts from pKS1603, pKS1596, and pKS1595 were each subcloned 571 into the fission yeast integration vector pINTH41 (Fennessy et al., 2014) 
664
Immunoelectron microscopy was carried out as described previously (Tange et al., 665 2016), with some modifications. Briefly, strain KS5750 (mto1[9A1-NE]-GFP) was cultured in 666 cells were fixed for 20 min at room temperature with 4% formaldehyde and 0.01% 668 glutaraldehyde dissolved in PB, and washed with PB three times for 5 min each. Cells were 669 then treated with 0.5 mg/mL Zymolyase 100T (Seikagaku Co., Tokyo, Japan) in PB for 30 670 min. Because the cell walls were not removed well, the cells were further treated with 1 671 mg/mL Zymolyase 100T in PB for 30 min at 30°C, with 0.2 mg/ml Lysing Enzyme for 30 min, 672 and washed with PB three times. After treatment with 100 mM lysine HCl in PB twice for 10 673 min and subsequent washing with PB, cells were permeabilized for 15 min with PB 674 containing 0.2% saponin and 1% bovine serum albumin (BSA), and incubated at 4°C 675 overnight with primary antibody (rabbit polyclonal anti-GFP antibody; Rockland) diluted 676 1:400 in PB containing 1% BSA and 0.01% saponin. After washing with PB containing 677 0.005% saponin three times for 10 min each, cells were incubated for 2 hours at room 678 temperature with secondary antibody (goat anti-rabbit Alexa 594 FluoroNanogold Fab' 679 fragment, Nanoprobes, Yaphank, NY, USA) diluted 1:400 in PB containing 1% BSA and 680 0.01% saponin, washed with PB containing 0.005% saponin three times for 10 min each, 681 and with PB once. Then, the cells were fixed again with 1% glutaraldehyde in PB for 1 hour, 682 washed with PB once and treated with 100 mM lysine HCl in PB twice for 10 min each. The 683 cells were stored at 4°C until further use.
684
Before use, the cells were incubated with 50 mM HEPES (pH5.8) three times for 3 685 min each, washed with distilled water (dH2O) once, and then incubated at 25°C for 3 min 
713
Cryogrinding was performed using an RM100 electric mortar grinder with a zirconium 714 oxide mortar and pestle (Retsch). The mortar and pestle were pre-cooled by filling with liquid 715 nitrogen for 10 min before grinding. Frozen cells were then added into the pre-cooled grinder 716 and ground for 40 min, with regular generous addition of liquid nitrogen to maintain the 717 temperature and prevent cell clumping during the grinding process. Cryogrindate cell powder 718 was recovered and stored at -80°C until further use.
720
Anti-GFP immunoprecipitation (for preliminary SILAC interactome analysis)
721
Large-scale anti-GFP immunoprecipitation was performed using homemade sheep 722 anti-GFP antibody covalently coupled to Protein G Dynabeads (Thermo Fisher Scientific) 723 using dimethylpimelimidate (Borek et al., 2015) . Immunoprecipitation (IP) buffer contained 724 15 mM NaPO 4 pH 7.5, 100 mM KCl, 0.5 mM EDTA, 0.2% TX-100, 10 µg/mL CLAAPE 725 protease inhibitors (chymostatin, leupeptin, antipain dihydrochloride, aprotinin, pepstatin, E-726 64), 2 mM AEBSF, 2 mM PMSF, 1 mM NaF, 50 nM calyculin A, 50 nM okadaic acid, 0.1 mM 727 Na 3 VO 4, and 2 mM benzamidine.
728
After SILAC labeling, cell harvesting and cryogrinding, 37 g of cell cryogrindate 729 powder was mixed with 66.6 ml of cold (4°C) IP buffer and vortexed until dissolved. Cell 730 lysate was then centrifuged at 13,000 rpm for 15 min at 4°C to remove most of the cell 731 debris. The supernatant was transferred to a fresh tube and centrifuged again at 13,000 rpm 732 for 15 min at 4°C, and the second supernatant was recovered. Protein concentration of 733 clarified lysates was measured by Bradford assay and then normalized by adding 734 appropriate volume of IP buffer as necessary.
735
For immunoprecipitation, 140 µL of anti-GFP/Protein G-Dynabead slurry (~2.1x10 9 736 beads, coupled to ~85 µg of antibody) were washed twice with 0.5 mL of IP buffer, mixed 737 with 70 mL of clarified cell lysate, and incubated at 4°C for 1.5 h with gentle rotation. Beads 738 were then collected with a magnet, washed three times with 1 mL IP buffer, transferred to a 739 centrifuged at 13,000 rpm for 10 s, and any remaining buffer was removed.
741
To elute proteins from beads, a total of 65 µL Laemmli sample buffer (LSB; 2% SDS
742
(v/v), 10% glycerol, 62.5 mM Tris pH 6.8) was added to beads, which were then mixed by 743 pipetting and incubated at 65°C for 15 min with intermittent vortexing. The mixture was then 744 briefly centrifuged before transferring the supernatant to a fresh microfuge tube, and DTT 745 and bromophenol blue were added to final concentrations of 0.1 M and 0.01%, respectively.
746
This final sample was then heated at 95°C for 5 min and stored at -20°C prior to SDS-PAGE.
747
Samples from large-scale immunoprecipitations were processed for SILAC mass 748 spectrometry analysis as described below. 
762
Two-step purification of HTB-tagged Mto1 variants
763
HTB-tagged Mto1 variants were purified in two steps, using nickel-charged Fractogel 764 EMD Chelate (M) (Merck) resin and Nanolink magnetic streptavidin beads (Solulink), under 765 denaturing conditions. The procedure described below was used for purifications after 766 cryogrindate cross-linking in vitro, which was most commonly used. For purifications after 767 cross-linking in vivo, the same approach was used, but all amounts and volumes were 768 doubled (this is because initial purifications were done after cross-linking in vivo, and it was 769 later determined that half as much material was still sufficient for MS analysis)
770
For the first-step purification, 12 mL of cross-linked and quenched cell lysate 771 (representing 6 g cryogrindate) was mixed with 60 mL guanidine purification buffer (6 M 772 guanidine, 15 mM NaPO 4 pH 7.5, 85 mM NaCl, 0.5% TritonX-100, 1 mM PMSF, 1 mM NaF, 773 0.1 mM Na 3 VO 4 and 2 mM benzamidine). The cell lysate was then sonicated with a Sonics 774 VC505 sonicator fitted with a 3mm tip for 2 min (1 s on, 1 s off, for total time 4 min, at 60% (henceforth referred to as "Fractogel") was charged with nickel and washed twice with 5 mL 778 distilled water, and twice with 5 mL guanidine purification buffer. The charged Fractogel bed 779 was resuspended with an equal volume of 6 M guanidine purification buffer and mixed with 780 the lysate supernatant and incubated at room temperature for 2 h, with gentle rotation. The 781 suspension was then transferred to a 20 mL disposable plastic column (Evergreen 782 Scientific), washed once with 20 mL of 6 M guanidine purification buffer, and washed 3 times 783 with 20 mL of 8M urea purification buffer (contained 8 M urea, 15 mM NaPO 4 pH 7.5, 85 mM 784 NaCl, 0.1% TritonX-100, 1 mM PMSF, 1 mM NaF, 0.1 mM Na 3 VO 4 and 2 mM benzamidine).
785
The Fractogel was then resuspended in 1 mL of 8 M urea purification buffer and transferred 786 into a 15 mL polypropylene tube. This process was repeated for 2 more times to recover all 787 of the Fractogel from the column. Fractogel was then centrifuged at 4,000 rpm for 3 min at 788 RT. The supernatant was discarded, and 3 mL of LSB containing 600 mM imidazole was 789 added to the tube, and bound proteins were eluted by heating at 95°C for 5 min. The
790
Fractogel was then centrifuged at 4,000 rpm for 3 min, and the supernatant was recovered, 791 quick-frozen in liquid nitrogen, and stored at -80°C.
792
For the second-step purification, the stored elution from the first-step purification 793 above was thawed at room temperature, and TX-100 was added to a final concentration of 794 1%. 30 µL of Nanolink streptavidin beads slurry (as supplied by manufacturer; this 795 corresponds to ~1.2 µL bed volume) was washed twice with 1 mL of LSB containing 1% TX-796 100, resuspended into 30 µL of LSB containing 1% TX-100 and added to the thawed first-797 step elution. This suspension was incubated for 1.5 h at room temperature, then collected 798 with a magnet and washed once with 1 mL of LSB and three times with 1 mL of LSB without 799 glycerol. After transfer to a microfuge tube, beads were resuspended in 15 µL of LSB and 800 heated at 95°C for 5 min. The elution from the beads was collected and DTT and 801 bromophenol blue were added, to final concentrations of 0.1M and 0.01%, respectively. The 802 mixture was boiled again for 5 min and stored at -20°C prior to SDS-PAGE.
804
Mass spectrometry (label-free quantification)
805
For label-free quantification mass spectrometry analysis of samples after two-step 806 purification, ~18 µL of second-step elution was loaded onto a single lane (~0.5 cm wide) of a 807 4-20% Tris-glycine polyacrylamide gel (Biorad). Samples were run at 150V for 12-14 min.
808
The gel was stained with Coomassie Blue at room temperature for 1 h and destained in 10% 809 acetic acid overnight. On the following day, the gel was washed once in distilled water and 810 the relevant region recovered after excision with a clean scalpel. In general, for all samples, Fig. 1A ). 100 cells of each genotype were scored. For each cell, distance from nucleus to each cell end was measured. The shorter of the two distances was termed S, and the longer was termed L. Y-axis shows ratio S/L for cells of each genotype, in rank order. Higher S/L ratios indicate more accurate nuclear centering. * p<0.01; ** p<0.001; other differences were not significant. Brackets indicate examples of Alp7-3GFP puncta on the intranuclear microtubule bundle that forms in interphase cells after LMB treatment (Matsuyama et al., 2006, PMID 16823372) . (B) Colony formation and growth of wild-type cells (crm1+) and crm1 mutants indicated, on plates without LMB and on plates containing 100 nM or 300 nM LMB . While crm1-C529A, crm1-C529T, and crm1-C529V mutants are essentially completely resistant to LMB, crm1-C529S mutant is only partially resistant. (C) Mto1[9A1-NE]-GFP and Nup146-3mCherry localization in the crm1 mutants indicated, in the absence of LMB. Unlike crm1-C529A (Fig. 3) , in these mutants, Mto1[9A1-NE]-GFP fails to localize to nuclear pore complexes. (D) Peptide counts and label-free quantification (LFQ) values for selected proteins from the two replicate experiments contributing to the graph in Fig. 3C . Bars, 5 µm. See also Supplementary File 4. (Güttler et al., 2010, PMID 20972448; Engelsma et al., 2004, PMID 15329671) . Conserved hydrophic residues are indicated in red. Acidic residues shown to enhance NES affinity for Crm1 are in blue. Peptide counts and label-free quantification (LFQ) values for selected proteins shown in Fig. 4D . Data from two independent biological replicates are shown, with strain numbers and experiment numbers. NQ = not quantified, because peptide count and/or LFQ intensity in the relevant samples was below threshold for quantification. See also Supplementary File 5. Fig. 6 ), together with homologs S. cerevisiae Nup159 and H. sapiens Nup214. Note rearranged domain organization in Nup214. All FG (Phe-Gly) sequence repeats are numbered, although some (e.g. near N-terminus) may not interact with nuclear transport receptors. Where FG repeats are too dense to be individually labeled, the corresponding region is labeled. Asterisks in Nup214 indicate structured portion of FG repeats observed in co-crystal with Crm1 (Port et al., 2015, PMID 26489467) . Beta-propeller structures in Sc Nup159 and Hs Nup214 have been experimentally verified (Weirich et al., 2004, PMID 15574330; Napetschnig et al., 2007, PMID 17264208) and are known to bind to RNA helicases Sc Dbp5 and Hs Ddx19 (respectively), which are involved in mRNP processing in terminal stages of mRNA export. Beta-propeller structure in Nup146 is predicted (Weirich et al. 2004) . Alpha-helical regions were predicted using JPred4 (Drozdetskiy et al., 2015, PMID 25883141) . Thicker lines in alpha-helical regions indicate predicted coiled-coils or amphipathic helices. Alpha-helix at the C-terminus of Sc Nup159 is involved in forming a heterotrimeric complex with Sc Nup82 and Sc Nup116 (Yoshida et al., 2011, PMID 21930948) , whose counterparts in fission yeast are Nup82 and Nup189n, respectively. (B) Localization of Nup146[∆FG5-12]-3mCherry to NPCs, with corresponding localization of Mto1[9A1-NE]-GFP. (C) Peptide counts and label-free quantification (LFQ) values for selected proteins from the two replicate experiments contributing to the graph in Fig. 6F (2015, PMID 26489467) . In diagrams, only the FGrepeat region of Nup146 is shown; by analogy to Sc Nup159, Nup146 is assumed to be anchored at the cytoplasmic face of the NPC by interaction of its C-terminal domain with partners Nup82 and Nsp1. Binding of Crm1 to cargo, RanGTP and Nup146 FG repeats all contribute cooperatively to Crm1 compact conformation. Therefore, 1) if cargo has only low affinity for Crm1, then after partial release of Nup146 FG repeats from Crm1, the trimeric export complex (Crm1, cargo and RanGTP) can disassemble, releasing cargo into the cytoplasm. However, 2) if cargo has a high affinity for Crm1, then stabilization of the Crm1 compact conformation by cargo binding allows partially released FG repeats to rebind to Crm1. Increased stability of interaction between trimeric complex and Nup146 FG repeats leads to increased residence time at the cytoplasmic face of the NPC. See main text for further details. (B) "Cargo-handover" as a potential mechanism for incorporating high-affinity NES cargos from the cytoplasm into export-like complexes at the cytoplasmic face of NPCs. First, a conventional nuclear export complex with a low-affinity NES cargo transiently interacts with Nup146 FG repeats during passage through the NPC. Recent integrated structural analysis in budding yeast suggests that FG repeats of Sc Nup159 may be directly adjacent to the symmetric FG-Nups at the centre of the NPC (Fernandez-Martinez et al., 2016, PMID 27839866) ; therefore, even though Nup146 FG repeats are not required for export, some proportion of export complexes could be expected to interact with Nup146 during passage through the NPC. Second, low-affinity cargo dissociates from Crm1, while Crm1 remains bound to Nup146 and to RanGTP. Dissociation of low-affinity cargo could be either spontaneous or aided by RanBP1; in both cases this could occur without dissociation or hydrolysis of RanGTP (Koyama et al. 2010, PMID 27839866) . In absence of cargo, compact Crm1 conformation (and RanGTP binding) may be partially stabilized by interaction with Nup146 FG repeats, as has been shown for FG repeats of Hs Nup214 (Hutten et al,. 2006, PMID 16943420) . Finally, during a "window of opportunity" before dissociation of Crm1 from Nup146, a high-affinity NES cargo such as the Mto1 NES-M can bind to Crm1 to generate the export-like complex.
